Energy homeostasis is critical for the survival of species. Therefore, multiple and complex mechanisms have evolved to regulate energy intake and expenditure to maintain body weight. For weight maintenance, not only does energy intake have to match energy expenditure, but also macronutrient intake must balance macronutrient oxidation. However, this equilibrium seems to be particularly difficult to achieve in individuals with low fat oxidation, low energy expenditure, low sympathetic activity or low levels of spontaneous physical activity, as in addition to excess energy intake, all of these factors explain the tendency of some people to gain weight. Additionally, large variability in weight change is observed when energy surplus is imposed experimentally or spontaneously. Clearly, the data suggest a strong genetic influence on body weight regulation implying a normal physiology in an 'obesogenic' environment. In this study, we also review evidence that carbohydrate balance may represent the potential signal that regulates energy homeostasis by impacting energy intake and body weight. Because of the small storage capacity for carbohydrate and its importance for metabolism in many tissues and organs, carbohydrate balance must be maintained at a given level. This drive for balance may in turn cause increased energy intake when consuming a diet high in fat and low in carbohydrate. If sustained over time, such an increase in energy intake cannot be detected by available methods, but may cause meaningful increases in body weight. The concept of metabolic flexibility and its impact on body weight regulation is also presented.
Introduction
Throughout evolution, humans and animals have evolved redundant mechanisms promoting the accumulation of fat during periods of feast to survive during periods of famine. However, what was an asset during evolution has become a liability in the current 'pathoenvironment' or 'obesogenic' environment. 1 This hypothesis of the 'thrifty genotype' has, however, recently been challenged by Speakman 2 who offers an alternative explanation called the 'predation release' hypothesis. Speakman 2 argues that around 2 million years ago, predation was removed as a significant factor by the development of social behaviors, weapons, and fire. The absence of predation led to a change in the population distribution of body fatness due to random mutations and genetic drift. According to Speakman, 2 such random drift, rather than directed selection, explains why some individuals are able to remain thin while living in an obesogenic environment.
Regardless of the origin of the genetic predisposition to obesity, the recent abrupt change in environmental conditions in which high-fat food is readily available and in which there is little need for physical activity has allowed obesity to reach epidemic proportions in both industrialized countries and in urbanized populations around the world.sympathetic nervous activity characterize animal models of obesity. Similar metabolic factors have been found to characterize humans who are susceptible to weight gain. In this manuscript, we review the current knowledge of the role of daily energy expenditure and nutrient oxidation in the regulation of energy and substrate balances, and therefore, in the etiology of obesity. We will first introduce the concept of substrate balance by opposition to energy balance and its implication on body weight homeostasis. Then, we review studies in which energy balance has been perturbed by overfeeding, with particular focus on the variability in weight change. Finally, we discuss evidence about the potential role of carbohydrate balance on energy intake and body weight regulation in humans.
Energy balance vs substrate balance

Energy balance
The balance between energy intake and energy expenditure determines energy stores ( Figure 2 , upper panel). As living organisms must obey the first law of thermodynamics, the energy balance equation has been used to predict changes in body weight when energy intake or expenditure is changed. However, the classic equation of energy balance, which states that the body energy store is equal to energy intake minus energy expenditure, has provided both insight and confusion in the understanding of energy balance in humans. Much of the confusion comes from inappropriate use of the static equation of energy balance. Clearly, energy intake equates energy expenditure, when body weight and body composition are maintained. However, during energy imbalance, most scientists are using a static energy balance equation, which states that 'change in energy stores ¼ energy intakeÀenergy expenditure'. However, Alpert 10 has elegantly shown that this equation is inadequate, because it does not take into account the increasing energy expenditure with increasing weight or the reverse during weight loss.
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Thus, a small initial increase in energy intake sustained over a number of years 'cannot lead to large weight gains', as is often claimed. 14, 15 The valid equation to use is dynamic, and states that the 'rate of change of energy stores ¼ rate of energy intakeÀrate of energy expenditure'. The use of 'rates' in this equation introduces time dependency, thereby allowing the effect of changing energy stores (especially fat-free mass and weight) on energy expenditure to enter into the calculation. 
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Obesity Susceptibility Obesity Susceptibility Figure 1 This figure depicts the potential effect of genes and environment on adiposity assessed by body mass index (BMI). Some of the concepts described in this figure were recently proposed by Bouchard. Figure 2 The major components of body weight regulation in an obesogenic environment are described in this figure. Body weight in adulthood is most likely to be the result of two key components; (a) changes in the environment of subsequent generations that influence genetic and epigenetic propensity for weight gain, and (b) the current habitual lifestyle that promotes sedentary behaviors and provides an oversupply of energy dense foods. The daily energy and nutrient balance of a 70-kg man (20% body fat) in relationship to macronutrient energy stores, intake and oxidation. Each macronutrient intake and oxidation on a 2500 kcal day
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standard American diet (composition 40% fat, 40% carbohydrate and 20% protein) is shown on the left as absolute intake in kilocalories and on the right as a percentage of its respective nutrient store. Because carbohydrate, protein and alcohol intakes and oxidation rates are tightly regulated on a daily basis, any inherent differences between energy intake and energy expenditure therefore predominantly impact body fat stores. During overfeeding (shown in red), the oxidation of carbohydrate and protein is increased to compensate for the increased intake at the expense of fat intake, yet the increase in oxidation is not equally coupled with intake. Thus, if sustained fat kilocalories are stored, fat stores will expand and the body weight is gained. Fat balance. In marked contrast to the other nutrients, body fat stores are large, and fat intake has no or very little influence on fat oxidation. 25, 26 As with protein, the daily fat intake represents less than 1% of the total fat stores; however, the fat stores contain about six times the energy of the protein stores 23 ( Figure 2 , lower panel). The fat stores represent an energy buffer for the body, and the slope of the relationship between energy balance and fat balance is equal to one in conditions of day-to-day small positive or negative energy imbalances. 24 A deficit of 200 kcal over 24 h means 200 kcal comes from fat stores, and the same holds true for an excess of 200 kcal, which ends up in fat stores. In conditions of spontaneous overfeeding, the entire excess fat intake is stored as body fat. 27 What promotes fat oxidation if it is not dietary fat intake? The amount of total body fat exerts a small, but significant, effect on fat oxidation, and this promotion of fat oxidation at higher body fat levels may represent a mechanism for attenuating the rate of weight gain in response to chronic overfeeding. 28 Alcohol balance. There is an inconsistent relationship between reported alcohol intake and body mass index. 29, 30 However, it has been shown that in healthy individuals, the fate of ingested alcohol is oxidation and not storage, and therefore perfect alcohol balance is achieved. 31 Similar to dietary carbohydrate and protein, alcohol diverts dietary fat away from oxidation and toward storage and inhibits lipolysis. Therefore, a chronic imbalance between alcohol intake and oxidation cannot directly cause obesity, although it may indirectly influence fat balance. In summary, when one considers energy balance in humans under physiological conditions, fat is the only nutrient capable of causing a chronic imbalance between intake and oxidation, and thus directly contributing to the increase in adipose tissue. The other nutrients will indirectly influence adiposity by their contribution to overall energy balance, and thus fat balance, as emphasized by Frayn. 32 The use of the fat balance equation instead of the energy balance equation offers a new framework for understanding the pathogenesis of obesity.
Energy metabolism as a predictor of weight gain
Cross-sectional studies that compare lean and obese individuals have added little to our understanding of the physiological mechanisms predisposing to weight gain. 11 An understanding of the etiology of human obesity requires longitudinal studies to identify predictors or risk factors for weight gain. Several studies have prospectively examined these predictors in the Pima Indian population in south western Arizona, a population where obesity is extremely prevalent 33 and weight gain is common among young adults. In these individuals, at least four metabolic parameters have been found to be predictive of weight gainFlow metabolic rate, low spontaneous physical activity, low sympathetic nervous system (SNS) activity and low fat oxidation.
Low metabolic rate
Obesity is associated with a high absolute metabolic rate, both in resting conditions and over 24 h, 12, 13 and therefore, truly cannot be caused by a low absolute metabolic rate as often proposed. However, it is important to note that there is wide variability in the relationship between metabolic rate and body size suggesting that at any given body size, individuals can have high, normal or low relative metabolic rates. Studies in adult nondiabetic Pima Indians identified that a low relative metabolic rate (adjusted for differences in fat-free mass, fat mass, age and sex) was a risk factor for body weight gain. 34 Over a 4-year follow-up, we found that the risk of gaining 10 kg in body weight was approximately eight times greater in those individuals within the lowest tertile of resting metabolic rate (RMR) compared with those within the highest tertile of RMR. These findings were later confirmed in an independent group of nondiabetic Pima Indians where weight change (À9 to 26 kg) over 4 years of follow-up was negatively associated with adjusted RMR. 35 Moreover, a meta-analysis of 12 studies showed that high rates of weight regain were related to a 3-5% lower RMR in formerly obese compared with control individuals. 36 In contrast, relative low energy expenditure was not found to be a predictor of weight gain in other adult populations. 37, 38 In studies of the Pima Indians, it is important to note that average weight gain could not entirely be accounted for by lower rates of energy expenditure and that only 30-40% of the increase in body energy stores was attributable to a deficit in energy expenditure. These results indicate that energy intake and physical activity also contribute to the observed variability in weight gain. Interestingly, in response to weight gain, the new adjusted metabolic rate increases to the normal levels and is comparable to the metabolic rates of individuals who remained weight-stable. Therefore, weight gain seems to be the price to pay to normalize energy metabolism.
Low spontaneous activity
Another component of 24-h energy expenditure is the energy cost of spontaneous physical activity, which accounts for 8-15% of total daily expenditure. 12 Consistent with the cross-sectional observation of a decreased spontaneous physical activity in obese individuals, longitudinal studies in Pima Indians showed that spontaneous physical activity is a familial trait inversely related to weight and fat mass gain at least in men. 39 Although it could be argued that spontaneous physical activity during a respiratory chamber study is limited, it was found to be highly correlated with habitual physical activity in free-living conditions. 40 However, in a prospective study in which free-living physical activity was measured by doubly labeled water in 92 nondiabetic Pima Indians, activity energy expenditure or the level of physical activity was not associated with changes in body weight. 35 Levine et al. 41 fed 16 sedentary individuals an extra 1000 kcal day À1 for 8 weeks and measured free-living activity and changes in body weight. Despite no changes in voluntary physical activity or energy wastage through fecal losses, fat gain varied more than 10-fold among individuals, ranging from 0.36 to 4.23 kg, and was inversely related to the increase in total energy expenditure. Because changes in RMR and thermic effect of food were small, the resistance to weight and fat gain with overfeeding was attributed to changes in spontaneous physical activity ranging from À98 to 692 kcal day À1 . We recently reviewed the literature on spontaneous physical activity and the control of body weight.
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Low SNS activity Studies in Caucasians indicate that the activity of the SNS is related to each of the major components of energy expenditure: RMR, 43 the thermic effect of food, 44 spontaneous physical activity 45 and 24-h respiratory quotient. 46 Importantly, cross-sectional studies indicate that individuals (Pima Indians) prone to obesity have lower rates of muscle sympathetic activity compared with weight-matched Caucasians. 43 Consequently, we prospectively studied the role of impaired SNS activity and/or adrenal medullary function in the etiology of human obesity in Pima Indian men. At follow-up, body-weight change was negatively correlated with baseline urinary norepinephrine excretion rate, whereas the changes in waist-to-thigh circumference ratio negatively correlated with baseline epinephrine excretion rate. 47 Together, these results show that an impaired SNS activity and a low activity of the adrenal medulla axis are associated with body weight gain and central obesity.
Consistently, a low SNS activity was associated with poor weight loss outcomes in obese individuals treated with a dietary restriction intervention.
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Low fat oxidation As reviewed above, the composition of nutrient intake is an important factor in the development of obesity, and consequently, one expects that the composition of nutrient oxidation also plays a role in its etiology. The nonprotein respiratory quotient (RQ) is an index of the ratio of carbohydrate to fat oxidation, and fasting values of 0.80 after an overnight fast indicate a major reliance on fat oxidation, 49 whereas values approaching 1.00 following ingestion of a carbohydrate meal indicate reliance on carbohydrate as the major energy substrate. 26, 50 Apart from the obvious impact of diet composition, the RQ is also influenced by recent energy balance, sex, adiposity, and importantly family membership, suggesting genetic determinants. 50, 51 A longitudinal study of Pima Indians showed that a high 24-h RQ predicted weight gain, with low fat oxidizers (90th percentile for respiratory quotient) having a 2.5 times greater risk of gaining 5 kg or more body weight than high fat oxidizers (10th percentile for respiratory quotient). 50 This effect was independent of a relatively low or high 24-h metabolic rate. Similar results have been reported in Caucasians. 52 Others have shown that postobese volunteers have low rates of fat oxidation, 53, 54 and those successful at maintaining weight loss have higher fat oxidation rates than those experiencing weight relapse. 55 As shown in Figure 3 , together these four predictors of weight gain explained approximately 30% of the variability in weight gain in Pima Indians.
Weight changes in response to overfeeding
The weight gain observed after overfeeding is quite variable across individuals and varies up to four times. 56 Dietary compliance is an important factor to explain such variability, Fuel selection and weight regulation J Galgani and E Ravussin but well-controlled studies have shown similar variability in weight gain. Such differences in weight gain can first be explained by our inability to assess weight-maintenance energy requirements, and therefore the actual energy excess. Secondly, differences in digestion and absorption may modify the amount of 'bioavailable' energy, affecting the actual positive energy balance. Third, the composition of weight gain (fat mass and lean mass) makes a difference in weight gain, as the energy cost of protein deposition is higher than that of adipose tissue. Fourth, dietary protein content was suggested by Stock 56 to be a critical determinant of weight gain during overfeeding, as low and high protein diets seem to increase the energy cost to deposit 1 kg of body weight. Finally, differences in mitochondrial energy efficiency may also represent an underlying cause of the variability in weight gain. Bouchard et al. 57 undertook a very well-controlled study to determine whether there are true differences in the responses among individuals to long-term overfeeding and to assess the possibility that genotypes are involved in such differences. In response to 84 days of 1000 kcal day À1 of overfeeding, 12 pairs of monozygotic twins gained on average 8.1 kg, but the range was from 4.3 to 13.3 kg. However, the similarity within each twin pair in response to overfeeding was significant with respect to body weight gain, percentage of fat and total fat mass with about three times more variance among pairs than within pairs. The similarity in the adaptation to long-term overfeeding within the pairs of twins clearly indicated that genetic factors are involved in the partitioning between fat and lean mass deposition and in determining the energy expenditure response. The fact that the increase in body weight was not proportional to the excess energy intake led Neumann 58 to
propose that some of the excess ingested energy is dissipated as heat or 'luxuskonsumption'. This concept was revived later by Miller et al., 59 and was supported by the findings of the Vermont studies in prisoners in whom almost 50% more energy intake was necessary to maintain their new body weights. 60 However, at present, the role of thermogenesis in body weight regulation is still a matter of debate, and the mechanisms underlying the variability in thermogenesis have not been identified. Recently, Befroy et al. 61 provided insightful data about differences in muscle energy efficiency between trained and untrained people. They found that the in vivo muscle fuel oxidation (Krebs cycle flux) was higher in trained than in untrained individuals. Using the ATP synthesis flux to Krebs cycle flux ratio as a marker of mitochondrial coupling, 62, 63 lower energy efficiency was observed in trained vs untrained individuals. Such results are in line with the observation that after intense endurance exercise, in vitro muscle energy efficiency was decreased in humans. 64 Similarly, Rosenbaum et al. 65 showed that maintenance of reduced or elevated body weight results in respective decrease or increase in energy expended in physical activity. Furthermore, at reduced body weight, muscle work efficiency was increased by approximately 25% measured by both cycle ergometry and magnetic resonance spectroscopy (ATP flux change). In contrast, weight gain resulted in decreased muscle work efficiency by ergometry. Changes in muscle efficiency at altered body weight accounted for 35% of the change in daily energy expended in physical activity. Understanding the cellular and molecular mechanisms behind these metabolic processes influencing energy efficiency of weight maintenance or weight gain may be fruitful to uncover novel therapeutic targets.
Carbohydrate balance and energy homeostasis
As described above, body mass is stable when macronutrient ingestion is equivalent to macronutrient oxidation. When food supply is restricted, a number of circulating substrates, peptides and hormones act on the hypothalamus, the brain stem and the autonomic nervous system to increase appetite in an effort to reestablish macronutrient balance. 66 It is suggested that carbohydrate imbalance may be responsible for generating this compensatory response 67, 68 
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High RQ 5% Figure 3 Studies of monozygotic twins reared apart indicate that approximately one-third of the variability in body mass index (BMI) is attributable to nongenetic factors and two-thirds to genetic factors. In this figure, we broke down the genetic part of the variability in BMI into the effects of metabolic rate (MR), respiratory quotient (RQ), spontaneous physical activity (SPA; fidgeting) and sympathetic nervous activity (SNA). The remaining genetic variability is assumed to be related to the variability in food intake and physical activity. Values for MR, RQ, SPA and SNA were calculated from prospective studies conducted among the Pima Indians of Arizona.
Fuel selection and weight regulation J Galgani and E Ravussin energy sensor, 69 which in turn causes an increase in lipid oxidation, and thus decreasing carbohydrate oxidation and preserving carbohydrate stores. Furthermore, depleted glycogen stores are associated with increased ad libitum food intake in mice. 68 In summary, there is evidence suggesting that low carbohydrate stores may trigger adaptive changes in fuel oxidation and eventually in energy intake.
Carbohydrate balance and energy intake in humans Energy deficit is a potent stimulus promoting energy intake. Following a 1-day energy deficit by removing fat or carbohydrate, Goldberg et al. 70 assessed 24-h ad libitum energy intake. They found a compensatory increase in food intake after the 1-day energy restriction period, but without any difference between fat or carbohydrate restriction. As lower carbohydrate intake was quickly compensated by reduced carbohydrate oxidation, carbohydrate balance was maintained after the carbohydrate-restricted diet. Several other studies have been conducted to investigate the role of carbohydrate or glycogen depletion on food intake assessed for 1 or 2 days after the carbohydrate balance manipulation. [71] [72] [73] For instance, using low-and high-carbohydrate diets combined with or without intense exercise, changes by at least 40% in carbohydrate balance or muscle glycogen content were observed. [71] [72] [73] However, such manipulation in carbohydrate stores was insufficient to induce changes in ad libitum energy intake. Common to all these studies is that changes in macronutrient intake were mostly compensated for by rapid adjustments in carbohydrate oxidation. In contrast, when ad libitum food intake was assessed for a longer time period (3 days), and no manipulation of carbohydrate store was intended besides spontaneous differences under weight-maintenance conditions, Pannacciulli et al. 74 observed that ad libitum energy intake was inversely related with 24-h carbohydrate balance (Table 1) . Unfortunately, even together these studies do not definitively answer whether carbohydrate balance plays a significant role in the regulation of food intake in humans. A common limitation to all these studies is the relatively artificial conditions under which ad libitum food intake is assessed. Most studies report much higher energy intake relative to energy requirement when food intake is measured in laboratory conditions. 27 Furthermore, suppression of carbohydrate oxidation seems to be the main mechanism by which further carbohydrate depletion is prevented in response to reduced carbohydrate intake. Importantly, the regulation of energy intake relies on multiple and redundant homeostatic mechanisms involved in the maintenance of body weight and energy balance. Finally, more complexity has to be considered for the regulation of energy balance in humans, as factors such as cognition, emotion and reward all affect food intake behaviors (Figure 2 , upper panel). Therefore, it can be anticipated that any role of carbohydrate balance on food intake will be difficult to observe when energy intake is assessed over a short period of time. So far, no signals in the liver and/or muscle have been identified to explain the potential effect of glycogen content on food intake. Most of the known circulating signals involved in food intake regulation are coming from tissues with no glycogen stores, such as the adipose tissue, the gut or the pancreas. If glycogen content plays a role in the regulation of food intake, this must be accompanied by the release of neuronal and/or humoral signals from the liver and/or muscle. The presence of vagal afferences from the liver to the central nervous system has been suggested to play this role. Crossover; 1-day isoenergetic diet, high or low in carbohydrate (9) 576 ± 53 kcal day À1 (Po0.05) 2 kcal day À1 (P ¼ NS)
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Cross-sectional; 3-day isoenergetic diet followed for a 3-day ad libitum food intake period (112) ) could explain a difference of 400 g per year in body weight gain. Such estimates show that the energy excess required to account for a change in body weight is very small and probably impossible to detect when energy intake is evaluated for a few days.
Metabolic flexibility and body weight regulation
Metabolic flexibility is defined by the capacity of the body or cells to match fuel oxidation to fuel availability and the endocrine environment. It is typically assessed by (1) the increase in RQ from fasting to glucose-and insulinstimulated conditions; (2) the reduction in RQ during overnight fasting or (3) the macronutrient oxidation adaptation in response to isoenergetic changes in diet composition. 77, 78 In the context of food intake regulation, an impaired metabolic flexibility may induce differential macronutrient imbalance. Under body weight stability, the food quotient (RQ of the diet) matches 24-h RQ, and therefore macronutrient oxidation rates. When the macronutrient composition of the diet is modified, fuel oxidation must be adjusted to achieve a new equilibrium. The rate at which this adjustment is achieved is faster in the transition from a low-carbohydrate to high-carbohydrate diet (B2 days); however, in response to an increase in dietary fat content, fat oxidation can take more than 1 week to match fat intake. 79 Additionally, there is a large interindividual variability in the time required to achieve this new macronutrient equilibrium. [80] [81] [82] Thus, increased dietary fat may cause more depletion of the carbohydrate stores in those individuals with impaired capacity to upregulate lipid oxidation, and may therefore be a signal promoting food intake. Even though the proper studies to prove this hypothesis have not been conducted, one can anticipate that differences in metabolic (in)flexibility may influence energy intake, and therefore be relevant to the regulation of body weight gain over the course of years.
Conclusions
The recent large increase in the prevalence of obesity has been mostly caused by our modern urban societies in which demand for physical activity is extremely reduced, and highly palatable and relatively cheap food is ubiquitously available. However, in this 'obesogenic' environment, there are still many people who are protected against obesity. As reviewed above, high levels of fat oxidation, metabolic rate, spontaneous physical activity and sympathetic activity are all protective factors against weight gain. It is, however, not clear how these factors are altering the balance between intake and expenditure of energy. For instance, subjects with low fat oxidation have increased carbohydrate oxidation to sustain the ATP demand, and therefore have decreased carbohydrate stores. A low carbohydrate reserve has been associated with increased weight gain, probably mediated through small but significant changes in energy intake. The mechanisms underlying the genetic variability in substrate oxidation are not known, but may explain why there is such a wide interindividual variability in weight gain in our modern 'westernized' lifestyle. Of course, factors such as cognition, emotion and reward all affect food intake behaviors and may explain why some individuals are resistant to large weight gains. Additionally, differences in energy efficiency of growth and/or of weight maintenance are most likely to play a role in the susceptibly to weight gain in our present environment. Unlike measurements of food intake, we have reasonably accurate and precise methods to measure energy metabolism in humans. Whether the precision is sufficient to detect the necessary small chronic imbalances leading to obesity is debatable, especially with a lack of means to measure food intake. Uncovering the mechanisms underlying intersubject variability in energy metabolism (expenditure and fuel partitioning) will probably enhance our ability to identify people at risk for weight gain. As an example, recent investigations have provided evidence about differences in skeletal muscle efficiency to generate ATP as a function of training status or in response to weight perturbation. More research is needed to confirm these preliminary findings and to assess its impact on whole-body energy efficiency and body weight regulation. Perhaps, the evidence showing that low whole-body metabolic rate, low sympathetic activity and low spontaneous physical activity are predictors of weight gain will converge on new discoveries regarding the energy efficiency of the maintenance of tissues and organs. But, we absolutely need accurate and precise novel creative methods to measure energy intake from fat, carbohydrate and protein in free-living conditions.
Conversely, one must acknowledge that remarkable progress has been made in the past two decades regarding our understanding of both the complex disease called obesity and the regulation of body weight. Now, we need to translate this new knowledge into the prevention of obesity by establishing innovative public health policies and redesigning our built environment. Even if we do not have the reliable technology to identify those subjects at risk for obesity, one can expect new health policies to curb the present pandemic of obesity and its future cost to health care systems. However, we will need major technological breakthroughs to identify the susceptibility of individuals to obesity even though they may live in a less 'obesogenic' environment. We hope to attend the 40-year celebration of the Pennington Biomedical Research Center to witness the results of another 20 years of important research.
